In carnation flowers, high temperatures have been shown to inhibit the induction of autocatalytic ethylene production and petal wilting. In this study, we investigated the effect of high temperature on ethylene production and petal wilting in carnation flowers after initiation of autocatalytic ethylene production. Transferring carnation flowers to high-temperature conditions (38°C) following the initiation of ethylene production by exposure to exogenous ethylene suppressed the autocatalytic increase in ethylene production. High-temperature treatment also depressed ethylene production in carnation flowers producing high levels of ethylene. In petals of these flowers held at 38°C, 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-aminocyclopropane-1carboxylate oxidase (ACO) activities were depressed with greater depression in ACS activity; however, the progression of petal wilting was not suppressed in high-temperature-treated flowers. These results indicate that high temperature depresses ethylene production but has little effect on petal wilting in carnation flowers once ethylene production has been initiated.
Introduction
Ethylene is the primary plant hormone involved in the senescence of carnation flowers (Borochov and Woodson, 1989) . Autocatalytic ethylene production is induced several days after full opening of flowers in natural senescence or several hours after compatible pollination or exogenous ethylene treatment and is accompanied by petal wilting (inward rolling) (Borochov and Woodson, 1989; Larsen et al., 1995; Nichols, 1977; Wang and Woodson, 1989; Woodson et al., 1992) . Increased ethylene production in petals during senescence of carnation flowers is correlated with increased activities of the ethylene biosynthesis enzymes 1aminocyclopropane-1-carboxylate synthase (ACS) and 1-aminocyclopropane-1-carboxylate synthase oxidase (ACO). To date, three ACS genes (DC-ACS1, DC-ACS2, DC-ACS3) and one ACO gene (DC-ACO1) have been isolated from carnation (Henskens et al., 1994; Wang and Woodson, 1991) . Carnation ACS genes are known to be differentially expressed in a tissue-specific manner: DC-ACS1 mRNA is most abundant in petals, whereas DC-ACS2 and DC-ACS3 are preferentially expressed in styles (Jones and Woodson, 1999) .
High temperature has been reported to inhibit the induction of ethylene production in several fruits (Paull and Chen, 2000; Yang, 1980) . In tomato, mature green fruits incubated at 37°C produce a negligible amount of ethylene and are inhibited from ripening naturally (Biggs et al., 1988) . Yangkhamman et al. (2005) reported that high-temperature treatment inhibits initiation of autocatalytic ethylene production and petal wilting in carnation flowers. Carnation flowers held under continuous high temperature (32°C) produce little ethylene and do not show the typical inward rolling of petals (Yangkhamman et al., 2005) . In the petals of flowers held at 32°C, upregulation of DC-ACS1 and DC-ACO1 was not induced, resulting in lower ACS and ACO activities. These results indicate that ethylene production under high-temperature conditions is inhibited at the transcriptional level (Yangkhamman et al., 2007) . Verlinden and Woodson (1998) reported that cut carnation flowers exposed to 44°C for 24 h at the full-opening stage showed a delayed increase in ethylene production and transcript levels of DC-ACS1 and DC-ACO1, suggesting that high temperature affects transcriptional regulation of DC-ACS1 and DC-ACO1. In these experiments, high-temperature 98 treatment of carnation flowers in which autocatalytic ethylene production had not been induced resulted in the suppression or delay in the induction of autocatalytic ethylene production.
High temperature is also known to inhibit ethylene production in fruits once ethylene production has already started (Paull and Chen, 2000) . Transferring tomato fruits at the pink stage that are producing the highest level of ethylene to high-temperature conditions (35 or 40°C) results in a decline in ethylene production due to inhibition of ACS and ACO activities (Atta-Aly, 1992; Biggs et al., 1988) . Lurie et al. (1996) reported that transcript and protein levels of ACO were decreased by high-temperature treatment in tomato fruits, although they did not confirm changes in ACS. In carnation flowers, however, the effects of high temperature on ethylene production and petal wilting after the induction of autocatalytic ethylene production remain unclear. To gain a better understanding of the effect of high temperature on ethylene biosynthesis and petal wilting, we investigated responses to high temperature in carnation flowers once autocatalytic ethylene production has been initiated.
Materials and Methods

Plant materials and ethylene treatment
Carnation flowers (Dianthus caryophyllus L. 'Barbara') were grown under natural daylight conditions in a greenhouse. Flowers were harvested at the full-opening stage when the outer petals were horizontal, and the stems were cut to 5 cm and placed in distilled water in an incubator at 23°C maintained at 70% relative humidity under constant light with cool fluorescent white lamps (10 μmol·m −2 ·s −1 ). For the ethylene treatment, flowers were placed in a dark, 70 L chamber with 2 μL·L −1 ethylene for 12 h followed by 1 h in air to allow the accumulated ethylene to defuse from the tissues. At this time, designated as 0 h after ethylene treatment (HAE), flowers were held in the incubator at a constant temperature of 23°C (control). For high-temperature treatments, ethylene-treated flowers were transferred to an identical incubator at a constant temperature of 38°C at 0 or 12 HAE (Fig. 1 ).
Ethylene measurement
Flowers were placed individually in 148 mL glass bottles, sealed and held at 23°C for 30 min. Headspace gas samples (1 mL) were taken and injected into a gas chromatograph (GC-7A, Shimadzu, Kyoto, Japan) equipped with an alumina column and a flame ionization detector.
Real-time RT-PCR analysis
Total RNA was isolated from petals using Trizol reagents (Invitrogen, Carlsbad, CA, USA) and treated with cloned DNase I (Takara Bio, Otsu, Japan). cDNA synthesis was carried out with random hexamer primers using the SuperScript III first-strand synthesis system for reveres transcription (RT)-PCR (Invitrogen). PCR was performed using SYBR Premix Ex Taq II (Takara Bio) with the Thermal Cycler Dice Real Time System (model TP600, Takara Bio). For amplification of DC-ACS1 (accession number M66619), DC-ACO1 (accession number M62380), and DC-ACT1-2, primer sets described in Tanase et al. (2008) were used. Thermal cycling conditions were 95°C for 10 s followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Relative transcription levels were calculated by normalizing the transcript levels of the target genes to DC-ACT1-2 within the same sample and expressed as the mean ± SE for three separate samples.
ACS and ACO activity assay
ACS and ACO activities were measured according to the procedure described in Yangkhamman et al. (2007) with 0.5 g petal tissue from each control and hightemperature-treated flowers.
Results
Effect of high temperature on ethylene production
and petal wilting in carnation flowers once autocatalytic ethylene production is initiated 1) Ethylene production First, we examined the responses of carnation flowers to various temperature conditions and found that induction of autocatalytic ethylene production from the carnation flowers is effectively inhibited at 38°C (data not shown); therefore, we set 38°C as the hightemperature treatment in these experiments.
Exogenous ethylene treatment (2 μl·L −1 for 12 h at 23°C) induced ethylene production in carnation flowers and ethylene production increased rapidly in flowers held at 23°C (control; Fig. 2) . In contrast, flowers transferred to 38°C (high temperature) at 0 HAE showed a moderate increase in ethylene production. At 8 HAE, ethylene production was 2.03 nmol·g −1 ·h −1 in high- temperature-treated flowers, which is 26% of the control (7.72 nmol·g −1 ·h −1 ; Fig. 2) . These results indicate that high temperature depresses ethylene production in carnation flowers once ethylene production has been initiated.
2) Petal wilting Carnation flowers showed slight inward rolling of the petals at 0 HAE that progressed thereafter in control flowers (Fig. 3A, 3B) . Flowers transferred to high temperature at 0 HAE showed a similar progression of inward rolling of the petals (Fig. 3B, 3C) . These results indicate that high temperature does not inhibit the progression of petal wilting in carnation flowers once ethylene production has been initiated. 3) Gene expression and enzyme activities for ACS and ACO In the petals of carnation flowers at the full opening stage, negligible DC-ACS1 and DC-ACO1 transcript levels were detected (Fig. 4A) . After ethylene treatment, DC-ACS1 and DC-ACO1 expressions were induced and the respective transcript levels increased for control flowers. In flowers transferred to high temperature at 0 HAE, DC-ACS1, and DC-ACO1 transcript levels increased to 4 HAE but decreased thereafter and became lower than those for the control at 8 and 12 HAE (Fig. 4A) . The transcript levels for DC-ACS1 and DC-ACO1 at 8 HAE in high-temperature-treated flowers were 52 and 76%, respectively, of the control. In hightemperature-treated flowers, enzyme activities for ACS and ACO at 8 HAE were decreased to 1 and 21%, respectively, of the control (Fig. 4B ).
Effect of high temperature on ethylene production in carnation flowers producing high levels of ethylene
To further analyze the effects of high temperature on ethylene production, we held flowers at 23°C until 12 HAE when ethylene production is at its highest level ( Figs. 1 and 2) . These flowers were transferred to 38°C at 12 HAE and held for 4 h. In high-temperature-treated flowers, ethylene production declined to 24% of that of flowers held at 23°C (control; Fig. 5A ). Flowers transferred to the high-temperature condition showed a similar progression of inward rolling of the petals to control flowers (data not shown). In these flowers, little ACS activity was detected and ACO activity declined to 41% of the control (Fig. 5B ). Transcript levels of DC-ACS1 and DC-ACO1 were decreased only slightly in high-temperature-treated flowers compared to those of the control (Fig. 5C ).
Discussion
High temperatures have been shown to inhibit the induction of autocatalytic ethylene production and petal wilting in carnation flowers (Yangkhamman et al., 2005) . In this study, we investigated the effect of high temperature on ethylene production and petal wilting in carnation flowers, in which autocatalytic ethylene production is induced by exogenous ethylene. In carnation flowers transferred to the high-temperature condition at 0 HAE (Fig. 1) , the autocatalytic increase in ethylene production was depressed. High temperature also depressed ethylene production in carnation flowers producing high levels of ethylene at 12 HAE, indicating that high temperature depresses ethylene production in carnation flowers once ethylene production has already started; however, the progression of petal wilting was not suppressed in these high-temperature-treated flowers. Wang and Woodson (1989) have shown that norbornadiene, an ethylene action inhibitor, suppresses ethylene production and interrupts the progression of petal wilting in carnation flowers producing ethylene and exhibiting petal inward rolling, suggesting that the progression of petal wilting can be interrupted once autocatalytic ethylene production has already started. In high-temperature-treated flowers, a certain amount of ethylene (about 2 nmol·g −1 ·h −1 ) was produced, although the level of ethylene production was much lower in these flowers compared to the control (Figs. 2 and 5A ). This ethylene may be sufficient to induce the progression of petal wilting. Depression of ethylene production is known to be a result of suppressing DC-ACS1 and DC-ACO1 expressions in carnation flowers kept under continuous hightemperature conditions (Verlinden and Woodson, 1998; Yangkhamman et al., 2007) . In petals of flowers transferred to high temperature after initiation of autocatalytic ethylene production, ACS and ACO activities were depressed with greater depression in ACS activity. Depression of transcript levels of DC-ACS1 and DC-ACO1 was observed in petals of high-temperaturetreated flowers but to a lesser extent than for enzyme activity levels. These results suggest that the depression of ethylene production in carnation flowers held at high temperature after initiation of autocatalytic ethylene production is mainly due to inhibition of ACS activity than suggested by inhibition at the transcriptional level. Ethylene production in high-temperature treatment is inhibited possibly through post-transcriptional regulation or post-translational processing of the ACS protein; however, it is also possible that the inhibition of ACS activity under the high-temperature condition is due to the indirect effects of high temperature, such as loss of viability of petal cells. In this study, we measured ethylene production from whole flowers. Although the gynoecium is known to produce a certain amount of ethylene during flower senescence in carnation (tenHave and Woltering, 1997), ethylene production from the gynoecium is much lower than that from petals per flower (about 4% of that from petals in flowers treated with ethylene for 24 h; data not shown). Furthermore, exogenous ethylene has been shown to induce equivalent levels of ethylene production in carnation flowers with gynoecia removed in comparison with intact flowers (Shibuya et al., 2000) . The depression of ethylene production in high-temperature-treated flowers appears to be mainly due to inhibition of ethylene biosynthesis in the petals.
Our results indicate that autocatalytic ethylene production is depressed but petal wilting is not suppressed under high-temperature conditions in carnation flowers once ethylene production has been initiated. These results contrast with results in carnation flowers in which ethylene production is not initiated; that is, high temperature suppresses petal wilting (Yangkhamman et al., 2005 (Yangkhamman et al., , 2007 . Taken together, the results from these studies indicate that high temperature needs to be applied before autocatalytic ethylene production to suppress or delay petal wilting in carnation flowers. Further investigations into ethylene biosynthesis control by high temperatures may provide a practically useful technique to improve the postharvest life of carnation flowers.
